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   Growing demands for the voltage-driven spintronic applications with 
ultralow-power consumption have led to new interest in exploring the 
voltage-induced magnetization switching in ferromagnetic metals. In this study, we 
observed a large perpendicular magnetic anisotropy change in Au(001) / ultrathin 
Fe80Co20(001) / MgO(001) / Polyimide / ITO junctions, and succeeded in realizing a 
clear switching of magnetic easy axis between in-plane and perpendicular 
directions. Furthermore, employing a perpendicularly magnetized film, 
voltage-induced magnetization switching in the perpendicular direction under the 
assistance of magnetic fields was demonstrated. These pioneering results may open 
a new window of electric-field controlled spintronics devices. 
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Spin-polarized current induced manipulation of magnetization in nano-scale 
ferromagnets1-3) is one of the promising candidates for a novel writing technique in 
magnetic memory devices due to the low critical current density for the magnetization 
switching. This technique succeeds in reducing the writing current, compared with the 
case of current induced magnetic field. However, it still consumes higher energy than 
the stabilization energy required for single-bit information. Since further reduction of 
the power consumption can be expected in voltage-based devices, as was proven in 
C-MOS technology, the use of voltage to control the magnetization would be ideal for 
future magnetic memories and logic elements. 
In order to realize the electric-field induced manipulation of magnetization, 
several experimental and theoretical approaches have been made, such as 
magnetostriction in multilayered stacks, including piezoelectric materials,4),5) 
electric-field control of ferromagnetism and magnetic anisotropy in ferromagnetic 
semiconductors,6-9) multi-ferroic materials,10) magneto-electric switching of exchange 
bias11-13) and the magneto-electric interface effect.14-17) Recently, we succeeded in 
achieving the voltage control of perpendicular magnetic anisotropy in Au(001) / 
bcc-Fe(001) / MgO(001) junctions.18) An important point of this finding is that it can be 
combined with conventional MgO-based magnetic tunnel junctions,19),20) which are 
already highly successful in the field of magnetic sensors for high-density HDD and 
magnetic random access memories. 
In the previous study, we used a few atomic layers of Fe grown on a Au(001) 
surface. This layer possesses the perpendicular magnetic anisotropy, however the easy 
axis was in-plane over all thickness ranges, due to the demagnetizing field. Thus, 
magnetization switching could not be controlled in such a system. 
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Since we can control the perpendicular magnetic anisotropy by a voltage 
application, a voltage-induced coercivity change should be possible if we replace the Fe 
layer with perpendicularly magnetized materials. This leads to the voltage-assisted 
magnetization switching with the assisting magnetic field. A similar demonstration was 
reported in a ferromagnetic semiconductor system.7) However, if we can realize it in a 
conventional 3d-ferromagnetic metal / MgO based junction at room temperature, it 
should make large impact on spintronics devices. For the work reported here, we 
focused on ultrathin Fe80Co20 alloy layers to obtain a perpendicularly magnetized film, 
and succeeded in realizing the voltage-induced magnetization switching under the 
assisting magnetic field. 
As schematically shown in Fig.1, the sample structure stack includes an MgO 
substrate with MgO(10 nm) / Cr(10 nm) / Au(50 nm) / Fe80Co20(t : 0-0.75 nm) / 
MgO(10 nm) / polyimide(1,500 nm) / ITO(100 nm). We prepared multilayered epitaxial 
films, except for top thick polyimide and ITO layers, by using a molecular beam epitaxy 
method. The Au buffer layer was annealed at 200 oC after deposition at room 
temperature to improve the surface flatness. The Fe80Co20 alloy was deposited using a 
co-evaporation method from Fe and Co sources. As the perpendicular surface magnetic 
anisotropy of Fe80Co20 layer exhibits a sensitive dependence on the thickness, we 
fabricated a wedge-shaped Fe80Co20 layer over a 2cm wide wafer. After depositing the 
top MgO layer, the sample was removed from the chamber and the surface was coated 
with a polyimide layer by using a spin-coater (then annealed at 200 oC). An ITO 
(Indium tin oxide) electrode, 1mm in diameter, was fabricated using a metal mask. The 
bias voltage was applied between the top ITO and the bottom Au electrodes. The bias 
direction was defined with respect to the top ITO electrode. To investigate the magnetic 
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hysteresis curve of ultrathin Fe80Co20 alloy, we measured the Kerr ellipticity, ηk, in a 
polar configuration, under the application of voltage. 
Figure 2(a) shows magnetic hysteresis curves of Fe80Co20 without the voltage 
application. A clear transition of magnetic easy axis from in-plane to perpendicular, 
depending on the Fe80Co20 layer thickness, differing from our previous Au / Fe / MgO 
system18), was observed at around t = 0.55nm. The calculations of Eperpt, together with 
the liner fitting18), appears in Fig. 2(b). Here Eperp is the perpendicular magnetic 
anisotropy energy per unit volume of the film and t is the film thickness of Fe80Co20 
layer. The results obtained in the Fe / MgO system are also shown in the same figure. 
From the intercept, indicating the surface anisotropy, Ks, of the Au / Fe80Co20 / MgO 
junctions, was estimated to be 650 μJ/m2. This value is greater than that of Au / Fe / 
MgO junctions, 580 μJ/m2. 
We measured the polar-Kerr hysteresis curves with a 0.58 nm thick Fe80Co20 
layer under the two bias voltage applications of ±200 V,21) as shown in Fig.3. When we 
changed the voltage from +200 V to -200 V, a perpendicular magnetic anisotropy was 
clearly induced. It also should be noted that the magnetic easy axis was electrically 
manipulated between in-plane and perpendicular directions. This change with respect to 
the applied voltage was reversible and the sign of the anisotropy change was the same 
as in the previous results observed with the Au / Fe / MgO system.18) The 
first-principles calculation predict that the magnetic anisotropy energy in the Fe / Au 
multilayer structure shows oscillatory behavior as a function of band filling.22) It is 
thought that such significant change in the magnetic anisotropy with respect to the band 
filling and alloy composition has a relation with a relative position of the critical points 
in the d-bands, such as band edge and singular points, to the Fermi level. However 
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first-principles calculation including the electric-field effect is required for the further 
understandings.23),24) 
Figure 4 (a) shows polar-Kerr hysteresis curves of a Fe80Co20 layer with a 
thickness of 0.48 nm, under the voltage application of ±200 V. We can clearly see that 
the Fe80Co20 layer was magnetized perpendicular to the film plane in this thickness 
range. The coercivity could also be controlled by the voltage application. The coercivity 
change induced by the voltage application of ±200 V achieved about 4 Oe, indicating 
that the magnetization process could be assisted electrically in this system. 
For example, by applying a negative saturation magnetic field of -100 Oe, 
followed by increasing the external magnetic field to just below the positive Hc (37Oe : 
point A), the magnetization state settled into A state in Fig. 4 (a). This state was a stable 
condition under zero bias voltage (not shown here). However, it would be unstable 
under the positive voltage application due to the decrease in the perpendicular magnetic 
anisotropy, leading to the magnetization switching from A state to B state. Once the 
magnetization was switched, the magnetization remained that state, even if we applied a 
negative voltage which should increase the coercivity. Then, after decreasing the 
external magnetic field from point B to just below the negative Hc (-35Oe ; point C), 
after setting the bias voltage to zero, the reverse process of the switching from C state to 
D state could be induced by a positive voltage application. Figure 4 (b) shows the 
demonstration of voltage-induced switching using the above sequence. Sharp switching 
of magnetization from A state to B state and from C state to D state was induced by the 
voltage application at around +10 V and +5 V, respectively. Note that this electrical 
magnetization switching, assisted by the small bias voltage, is a reversible phenomenon 
in the presence of the appropriate external magnetic fields. 
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In summary, we have demonstrated voltage-assisted magnetization switching in 
the Au(001) / bcc-Fe80Co20(001) / MgO(001) / Polyimide / ITO junctions. The present 
results suggest that the perpendicular magnetization of Fe80Co20 layer, sandwiched 
between Au(001) and MgO(001), can be electrically manipulated under a small 
assisting magnetic field. This may thus provide a significant development of novel 
electric-field controlled magnetic devices. 
 
 
Acknowledgment  We would like to thank T. Shoji, D. Yamaguchi, T. Sada, Y. 
Sobajima, T. Toyama and H. Okamoto for their assistance in ITO deposition. We also 
acknowledge S. –S. Ha, C. –Y. You for their fruitful discussions. Part of the research 
was conducted under the financial support of Grant-in-Aid for Scientific Research 
(A19206002) and G-COE program of Ministry of Education, Culture, Sports, Science 
and Technology-Japan (MEXT). 
 
 
 
 
 
 
 
 
 
 
7 
 
References: 
1. J. C. Slonczewski: J. Magn. Magn. Mater. 159 (1996) L1. 
2. L. Berger: Phys. Rev. B 54 (1996) 9353. 
3. E. B. Myers, D. C. Ralph, J. A. Katine, R. N. Louie, and R. A. Buhrman: Science 285 
(1999) 867. 
4. M. Overby, A. Chernyshov, L. P. Rokhinson, X. Liu, and J. K. Furdyna: Appl. Phys. 
Lett. 92 (2008) 192501. 
5. X. Nie, and S. Blügel: Germany Patent, Amtl.Az. 19841034.4, (2000). 
6. H. Ohno, D. Chiba, F. Matsukura, T. Omiya, E. Abe, T. Dietl, Y. Ohno, and K. 
Ohtani: Nature 408 (2000) 944. 
7. D. Chiba, M. Yamanouchi, F. Matsukura, and H. Ohno: Science 301 (2003) 943. 
8. I. Stolichnov, S. W. E. Riester, H. J. Trodahl, N. Setter, A. W. Rushforth, K. W. 
Edmonds, R. P. Campion, C. T. Foxon, B. L. Gallagher, and T. Jungwirth: Nat. Mater. 7, 
(2008) 464. 
9. D. Chiba, M. Sawicki, Y. Nishitani, Y. Nakatani, F. Matsukura, and H. Ohno: Nature 
455 (2008) 515. 
10. W. Eerenstein, N. D. Mathur, and J. F. Scott: Nature 442 (2006) 759. 
11. P. Borisov, A. Hochstrat, X. Chen, W. Kleemann, and C. Binek: Phys. Rev. Lett. 94 
(2005) 117203. 
12. X. Chen, A. Hochstrat, P. Borisov, and W. Kleeman: Appl. Phys. Lett. 89 (2006) 
202508. 
13. Y. -H. Chu, L. W. Martin, M. B. Holcomb, M. Gajek, S. -J. Han, Q. He, N. Balke, C. 
-H. Yang, D. Lee, W. Hu, Q. Zhan, P. –L. Yang, A. Fraile-Rodríguez, A. Scholl, S. X. 
Wang, and R. Ramesh: Nat. Mater. 7 (2008) 478. 
8 
 
14. V. Novosad, Y. Otani, A. Ohsawa, S. G. Kim, K. Fukamichi, J. Koike and K. 
Maruyama O. Kitakami, and Y. Shimada: J. Appl. Phys. 87 (2000) 6400. 
15. M. Weisheit, S. Fähler, A. Marty, Y. Souche, C. Poinsignon, and D. Givord: Science 
315 (2007) 349.  
16. C. –G. Duan, J. P. Velev, R. F. Sabirianov, Z. Zhu, J. Chu, S. S. Jaswal, and E.Y. 
Tsymbal: Phys. Rev. Lett. 101 (2008) 137201. 
17. K. Ohta, T. Maruyama, T. Nozaki, M. Shiraishi, T. Shinjo, Y. Suzuki, S. Ha, and C. 
-Y. You: Appl. Phys. Lett. 94 (2009) 032501. 
18. T. Maruyama, Y. Shiota, T. Nozaki, K. Ohta, N. Toda, M. Mizuguchi, T. Shinjo, M. 
Shiraishi, S. Mizukami, Y. Ando, and Y. Suzuki: Nat. Nanotech. 4 (2009) 158. 
19. S. Yuasa, T. Nagahama, A. Fukushima, Y. Suzuki, and K. Ando: Nat. Mater. 3 
(2004) 868. 
20. S. S. P. Parkin, C. Kaiser, A. Panchula, P. M. Rice, B. Hughes, M. Samant and S. 
–H. Yang: Nat. Mater. 3 (2004) 862. 
21. The actual electric field at the interface of Fe80Co20 layer could not be estimated 
because of the influence of charges trapped at the MgO / Polyimide interface18). 
22. K. Kyuno, J. –G. Ha, R. Yamamoto, and S. Asano: J. Soc. Jpn. 65 (1996) 1334 
23. M. Tsujikawa, and T. Oda: J. Phys.: Condens. Matter 21 (2009) 064213 
24. K. Nakamura, R. Shimabukuro, Y. Fujiwara, T. Akiyama, T. Ito, and A. J. Freeman: 
to be published in Phys. Rev. Lett. (2009); In this paper, the authors suggest a 
magnetocrystalline anisotropy change derived from a change in the bond structure 
in an electric-field application. 
 
 
9 
 
Fig. 1 The sample structure used for voltage-induced magnetization switching. 
A positive bias voltage is defined as the positive voltage on top ITO electrode with 
respect to the bottom Au electrode. 
Fig. 2 (a) The thickness dependence of magnetic hysteresis curves of the ultrathin 
Fe80Co20 layers sandwiched between the Au(001) and MgO(001) layers. (b) Fe18) (open 
circles) and Fe80Co20 (solid circles) layer thickness dependence of Eperpt at zero bias 
voltage. 
Fig. 3 Magnetic hysteresis curves of a 0.58nm thick Fe80Co20 layer, measured 
under positive (blue) and negative (red) bias voltage applications. 
Fig. 4 (a) Hysteresis curves of a 0.48nm thick Fe80Co20 layer under the voltage 
application of 200V (blue) and -200V (red). (b) Kerr ellipticity, ηk, intensity as a 
function of applied bias voltage. Clear transition between two magnetic states was 
observed under the presence of adequate assisting magnetic fields. 
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